Abstract -A three dimensional computational fluid dynamics (CFD) simulation of coupled outdoor wind flow and indoor air flow is presented to investigate the effective parameters on cross ventilation and flow patterns inside an isolated house. Different opening positions are used to investigate the effect position of opening on the flow patterns inside the building. The study employed the low Reynolds number (LRNM) with Steady Reynolds Averaged Navier -Stokes (RANS) RNG k-e modelling approaches in the simulation. The CFD simulation is validated based on detailed wind tunnel experiments. The study showed that the efficiency of natural ventilation can be increased by following the behaviour of flow stream inside the house and controlling the recirculation areas which are formed in different rooms.
Introduction
Building ventilation plays an important role in supplying good air quality and thermal comfort inside buildings for residents, and can be achieved by regulating indoor parameters, such as air speed, temperature, relative humidity. In addition, it has an important factor in the development of sustainable sector. Natural ventilation depends on natural driving forces, such as wind and buoyancy forces, to provide fresh air to inside buildings. Regarding natural ventilation, it can be difficult to maintain the conditions inside a building in a stable state because the weather outside often changes. Larson and Heiselberg [1] mentioned some requirements which should be set for this type of ventilation due to limited natural driving forces such as internal heat load in the building, depth of the room, room height, and surroundings. Natural ventilation can be divided into two categories denoting the position of the openings in the outer walls: single-side ventilation and cross ventilation. In single-side ventilation, the air interchanges by wind or buoyancy effect through large natural ventilation openings (such as windows or doors) and the openings in one wall. Cross ventilation is generated by the action of any wind from multiple openings on different facades of the room, and the air crosses the room because of the gradient in pressure.
Previous experimental studies of natural ventilation can be divided into two types, reduced scale experimental models and full-scale models, and many types of buildings have been tested for numerous reasons. Ernest, et al. [2] compared ventilation rates between open and sealed models by using surface pressure distribution, and showed satisfactory correlation when a small aperture is used with normal direction of wind to the aperture. The test showed that ventilation rate decreases with non-normal wind direction. Kato, et al. [3] investigated the mechanisms of cross ventilation with open windows, by analysing in detail velocity and pressure fields of airflow in and around buildings. Straw [4] used a cube (6m) with two apertures in open landscape to evaluate the tracer gas method and calculation methods from orifice expression equation against calculation from measured velocity profile in the openings. Later, Yang [5] used the same cube to study both wind driven and buoyancy driven cross ventilation under various weather conditions in England. The field measurements data was valuable for comparison with small-scale wind tunnel results and validation of CFD simulation.
CFD has been widely used in predicting ventilation performance because of the rapid increase in computer capacity and the development of the CFD program. Reynolds Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES) are mainly used in turbulence modelling. Chen [6] mentioned that many researchers have concluded that RANS could perform well for one flow but poorly in another, and the performance of the RNG k-ε model was relatively stable while the performance of the LES was more satisfactory and obtained good agreement with measured results in several studies [7] , [8] , [9] and [10] .
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Kindangen, et al. [11] predicted the impact of wind direction, roof height and shape, and building overhang on the flow distribution inside buildings using a standard k-ε model. The same turbulence model is used by Elmualim and Awbi [12] to show the performance of speed and direction of wind on the ventilation system based on the wind catcher design. The standard k-ε turbulence model is used to predict the flow distribution in and around a single room with dimension (3×3×2.4m). Evola and Popov [13] showed that the RNG k-ε model is more accurate than the standard k-ε model in predicting the cross ventilation, single-side for both windward and leeward opening. Stavrakakis, et al. [14] applied three k-ε turbulent models: standard, RNG, and realizable, to study natural ventilation by wind and buoyancy effect of a building. The performance of the RNG model was relatively better, particularly for the purpose of temperature prediction, and suggested that it should be used for thermal comfort estimation applications.
Ramponi and Blocken [15] used Particle Image Velocimetry (PIV) to validate the 3D steady Reynolds-Averaged Navier-Stocks (RANS) approach with the SST k-w model for four different building configurations. Their study includes the impact of changing the inlet profiles of turbulent kinetic energy and effect by applying both first-order and secondorder discretization schemes. Ai and Mak [16] performed a comparison study against field measurements to evaluate the single-sided ventilation rate in a multi-story building using three methods: the renormalization (RNG) k-ε turbulence model, integration method and Tracer gas decay method. Their study demonstrates that CFD simulation is more suitable for the determination of ventilation rate in multi-storey buildings, particularly in the design stage.
One of the most challenging aspect of building design is position and shape (shape parameter not included in this report) of the openings. These parameters not only change the appearance of the building greatly but could also strongly influence the efficiency of natural ventilation. Although importance of openings position in buildings, there are not enough studies which focus on their influence on natural ventilation especially complex geometry such as houses. The main focus of the present study is to investigate the effect of the position of openings on natural cross ventilation using numerical simulation. Steady RANS method is used to simulate the problem and low Reynolds number modelling (LRNM) is used to model the boundary-layer region for reason of improved accuracy.
Numerical Method
Computational fluid dynamics is based on the resolution of the governing equations which describe the flow field in the computational domain. The governing equations describing air flow consist of continuity, momentum and turbulent modelling equations. The continuity equation can be written as follows:
while, conversation of momentum is written in the form:
The Renormalization Group (RNG) model is chosen over the other variants of the two equation turbulence models because of its popularity for modelling indoor air movement [13] . It is based on the standard model (k-ε) and modified by Yakhot, et al [17] . The modelled transport equations for k and ε in the renormalization k-ε model are: 
Model and Cases
The basic configuration of the studied model was an isolated house with height H in cross turbulent flow with two square openings (0.2H) at the front wall and two openings at rear side of the house. The dimension of the house is (3.33×1×2.66) H and wall porosity is 0.03. The position of the two openings is changed according to the cases as shown in Fig.1 . The external wind speed was set at U ref =7m/s and wind direction is normal on the front side of the house. In all cases Reynolds number is constant based on height of building and equal to 13.9×10 
Computational Domain and Grid
A 3-D computational domain is based on the COST [18] and AIJ [19] guidelines. It consists of a rectangular house with height H inside a duct (33.3×5×7.6) H as shown in Fig.2 . The blockage ratio is 4.2% which is smaller than that recommended in the guidelines. ICEM was used to generate the three dimensional grid and hexahedral cells were used inside the domain. A fine mesh was structured near the walls because LRNM grids require a high cell density, while coarse mesh was used away from the walls in all directions. The space between the walls of the house and the centre of the first cell was 0.0066H and the same distance was used for ground, which is small enough to get y + small than 5 as suggested by Blocken, et al. [20] . Grid independence is an important factor in numerical simulation, in order to find the effect of mesh size on the results. Three models of grid size were chosen G1 (1.5×10 6 ), G2 (3.5×10 6 ) and G3 (5. 5×10 6 ), with the refinement ratio between (G1 and G2) and (G2 and G3) at around 1.5 in each dimension which is recommended by Stern, et al. [21] . The ventilation 151-4 rate of the two openings was used to validate the grid size sensitivity. To minimize the long computational time the medium grid G2 is a good compromise between the coarse and fine grid size. The boundary conditions play an important role in the results and the effect of the surroundings can be represented. According to Richards and Hoxey [22] , the vertical profiles of the mean wind velocity, turbulent kinetic energy and turbulent dissipation rate are imposed at the inlet of the domain. The equations used for the profiles are: The lateral and the top of the domain are modelled as symmetry conditions, i.e. zero normal velocity and normal gradients of all variables. The ground of the domain modelled as a no-slip boundary is assumed, and zero surface roughness should be used in LRNM [22] . At the outlet of the domain, zero static pressure is used. The surfaces of the house are assumed as no-slip boundaries.
Model Verification
In order to prove the accuracy of the CFD simulation, the flow field and pressure coefficients at the top surfaces of building for the third case was compared with the wind tunnel experiment of Ohba et al. [23] . The approaching flow is turbulent boundary layer and the velocity profile U(y) follows the logarithm law velocity (eq.5). The vertical profile of time-averaged velocity U(y) is shown in Fig 4, and the solid symbols are the experiment of Ohba et al. [23] . In spite of the simulation velocities deviated from the measured velocities near the inlet, the agreement between numerical and experimental results at the level of building was satisfactory. Fig. 4 compares the simulation pressure coefficients at the centrelines of building facades with the wind tunnel results and showed a good agreement.
Results and Discussion
In this section three different positions in three cases were studied in order to provide information about the effect of opening positions on flow pattern and recirculation areas in the low-rise building. In these cases two openings are located in two opposite side of the building which are called inlet (windward side) and outer (leeward side). A high pressure zone is created on the windward side of the building whereas a low pressure zone is formed on the rear side and the flow through the building mainly driven by this pressure difference. Geometry of this study can be considered as five rooms named A, B, C, D and E as shown Fig. 1a . The flow pattern and recirculation zones in each room will be discussed thoroughly in the following sections to provide helpful information for effective design of buildings.
In each room there are recirculation zones formed mainly in rooms A and B with flow entering the house directly by the two openings, while the recirculation is weaker in rooms D and E. In the rooms A and B of case І (Fig. 5.a) the recirculation area is divided into two small zones while in case ІІ and ІІІ there is only one zone. All recirculation zones inside rooms of case І are slightly weaker than other cases except for room C. Therefore the case І is more comfortable than other cases and this is because the opening position lies in med of the wall. In addition, the amount of ventilation rate in case І is higher than case ІІ and slightly smaller than case ІІІ. Because the room A is smaller than B the results of all cases showed that the recirculation zones in this room are stronger than room B. The results showed that in each case there is a room which is more discomfort than other rooms, for example in case І room C while room A in case ІІ and case ІІІ. In addition the results prove that rooms D and E are more comfort than other rooms in all cases and there is no significant difference between these cases. Comparison of openings aerating flow can be very important for designers who want to design houses with high ventilation efficiency. Figure 6 summarized three cases included in this study and represents their flow rate obtained from the CFD simulation. It can be seen that cases І and ІІІ have maximum flow rate. 
Conclusion
In this project, natural cross-ventilation in a low-rise building has been investigated by using CFD simulation techniques. Steady RANS models are performed and the numerical results are validated with available experimental data. It is found that the building openings are important factors in design and can significantly affect the air stream patterns inside the building. Based on the CFD results it showed that a strong recirculation is formed in rooms A and B and a weaker recirculation is formed in rooms D and E. 
